As a means of assessing ventricular performance, we analyzed the time-varying ratio of instantaneous pressure, P(t), to instantaneous volume, V(t), in the canine left ventricle. Intraventricular volume was measured by plethysmography, while the right heart was totally bypassed. The cardiac nerves were sectioned, and an epinephrine infusion was used to alter the contractile state. The instantaneous pressure-volume ratio was defined as E(t) = P ( t ) / [ V ( t ) -V d ], where V d is an experimentally determined correction factor. We found that (1) all the E(t) curves thus defined were similar in their basic shape and attained their peak near the end of the ejection phase regardless of the mechanical load, the contractile state, or the heart rate, (2) under a constant heart rate and contractile state extensive changes in preload, afterload, or both did not alter the peak value of E ( t ) , Emax, or the time to Emax from the onset of systole, Tmax, and (3) these parameters of E(t) markedly changed with epinephrine infusion or increases in heart rate. At an epinephrine infusion rate of 2 fig/kg min" 1 , Emax increased to 12.2 ± 4.5 (SD) mm Hg/ml (N = 9) from its control value of 6.6 ± 1.2 mm Hg/ml before the infusion. Simultaneously, Tmax shortened from 191 ± 29 msec to 157 ± 26 msec. Increases in the paced heart rate proportionally shortened Tmax (45% per 100-beats/min change in heart rate) without any effect on Emax. We concluded that E ( t ) , represented by Emax and Tmax, explicitly reflects the ventricular contractility.
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• It is well known that both the instantaneous pressure and the instantaneous volume in a beating ventricle are complex functions of end-diastolic volume, arterial blood pressure, heart rate, and inotropic background (1) (2) (3) (4) (5) . Because of this complexity, many investigators have attempted to characterize the basic mechanical properties of ventricular contraction at the myocardial level (6, 7) . Using a geometric model, the ventricular pressure and volume data have been reduced to myocardial fiber force, length, and shortening velocity variables and interpreted in the light of myocardial mechanics (6, 8) . However, some researchers have recendy questioned the validity of this method (9) (10) (11) (12) (13) . Under diese circumstances, studies of the ventricu- This study was supported in part by U. S. Public Health Service Grants HE 14529-01 and HL 14903-01 from the National Heart and Lung Institute.
Received June 1, 1972 . Accepted for publication January 2, 1973 . lar contraction at the chamber level are important for a better understanding of cardiac performance.
Suga (14, 15) observed in the intact canine left ventricle during a given contractile state that die instantaneous ratio of ventricular pressure to absolute volume, P(t)/V(t), was almost independent of end-diastolic volume and arterial blood pressure. He also found that this ratio varied markedly with inotropic interventions (16) . He temporarily concluded that the pressure-volume ratio could be used to characterize the ventricular contractility. However, an indicator-dilution technique and electromagnetic measurement of aortic blood flow were used for ventricular volume measurement in tiiese studies, and the accuracy of the volume data was limited. For this reason, we reinvestigated the instantaneous pressure-volume ratio more accurately with an improved measurement of ventricular volume. The present study indicates that the original definition of die instantaneous pressure-volume ratio should be slightly modified and that the modified ratio explicitly reflects the contractile state of the ventricle.
VENTRICULAR PRESSURE-VOLUME RATIO

315
Methods
SURGICAL PREPARATION
Nine mongrel dogs (19-21 kg) were anesthetized with a-chloralose (60 mg/kg, iv) and urethane (600 mg/kg, iv). A midstemal thoracotomy was performed under positive-pressure ventilation. After bilateral vagotomy, the stellate ganglia were removed. To collapse the right ventricle, venous return via the caval veins was drained into a reservoir 50 cm below heart level. A pump (Sarns model 3500) perfused the blood from the reservoir into the pulmonary artery as shown in Figure 1 . The flow through this pump was fixed at about 80 ml/kg min- 1 . Coronary venous return to the right heart was drained into the same reservoir through a catheter with multiple side holes by the negative hydrostatic pressure gradient. Body temperature was maintained at 37 °C by warming the blood within the reservoir.
To primarily vary the preload on the left ventricle over wide ranges, another pump was used between the left atrium and the reservoir. The preload was increased by pumping blood from the reservoir into the left atrium or decreased by reversing the direction of flow through this pump. To primarily increase or decrease the afterload pressure on the left ventricle, the same pump was connected between the femoral artery and the reservoir, and the direction of flow was alternated.
In three preparations, atrioventricular conduction was blocked by injecting formaldehyde into the conduction system (17) , and heart rate was controlled by electrically pacing the left ventricle with a bipolar electrode sutured to the anterior apical surface.
VENTRICULAR PRESSURE A N D VOLUME MEASUREMENTS
To accurately measure left intraventricular pressure, a miniature pressure transducer (Konigsberg P-21) was placed inside the ventricle through a small incision in the apex. The zero shift of this transducer due to temperature change was less than 0.1 mm Hg/°C, and the overall drift was less than 0.2%/°C of the output. The sensitivity was calibrated while the transducer was in a pressurizing air chamber, and then zero was established by immersing the transducer just below the surface of water at 37°C. To measure instantaneous absolute volume of the left ventricular lumen, a modified cardiometer was used. The principle of this method involved assessing the volume ohanges from the air pressure changes in an airtight chamber in which the ventricle was enclosed (2-4). Since we wanted to measure instantaneous absolute intraventricular volume over 2 hours, we modified the classic cardiometer system to eliminate any air leak and temperature drift. The main modifications are as follows (Fig. 1). (1) A ventricular assist cup (SMEC) was lined with a very thin (0.05 mm) hemiellipsoidal polyurethane envelope. This envelope covered the ventricular surface and completely separated the air in the cardiometer interspace from the atmosphere, and it adhered to the ventricular surface by continuous negative-pressure suction. The unstressed volume of the envelope was much greater than that of the ventricular portion of the heart. (2) The cardiometer air space was connected to a 3-liter glass bottle to obtain a reasonably linear relation between the volume and the pressure changes inside the cardiometer system and at the same time to reduce back-pressure load on the ventricle. This bottle and the connecting tubing to the cardiometer cup were kept at 37±0.1°C. (3) To further compensate for the air pressure changes associated with temperature changes in the surroundings, we placed an identical bottle in the bath, and connected a highsensitivity differential pressure transducer (Beckman model 807-215-071) between the two bottles.
Using these modifications, the observed pressure drift was equivalent to less than ±0.5 ml over 3 hours. The dynamic response of this cardiometer system to a step change in the air volume had a cutoff frequency of 15 Hz (see Appendix). Sensitivity of the cardiometer system was calibrated by injecting or withdrawing a known amount of air into or out of the cardiometer air system. Zero intraventricular volume was calibrated at the end of each experiment by withdrawing all the blood in the left ventricular lumen after stopping the right heart bypass pump. Figure 2 shows the instantaneous left intraventricular volume and its time derivative as well as the left ventricular pressure and the ascending aortic blood flow recorded in a preliminary experiment. The time derivative of volume in the ejection phase appeared to be a mirror image of the aortic flow curve. This modified cardiometer could measure the instantaneous intraventricular volume with a reasonable accuracy for our purpose.
EXPERIMENTAL PROTOCOL
In this study we arbitrarily defined the control contractile state as the contractile state of a denervated ventricle before epinephrine infusion. To study the effect of changes in the contractile state on the instantaneous pressure-volume relation, the contractile state of the ventricle was enhanced by infusing epinephrine (2 yug/kg min-1 ) in all nine experiments. In four experiments infusion rates of 1 and 4 /xg/kg min-1 were also used. The contractile state was varied by step increases in the epinephrine infusion rate. The duration of epinephrine infusion at each rate was about 20 minutes.
To determine a correction volume, V d , which will be explained in Results, mean arterial blood pressure was varied in steps by 20% above and below the control value (which was between 80 and 125 mm Hg) with constant cardiac output. This determination of V d was done during the control and the enhanced contractile states.
To study the effect of loading conditions on the instantaneous pressure-volume relation, we extensively varied the flow and the pressure on the ventricle to five different levels. For load 1, cardiac output was fixed at VENTRICULAR PRESSURE mmHg VENTRICULAR VOLUME ml. the control level of about 80 ml/kg min" 1 and mean arterial blood pressure was about 100 mm Hg. For load 2, cardiac output and mean arterial blood pressure were increased above control. For had 3, cardiac output and mean arterial blood pressure were decreased below control. For load 4, cardiac output was at the control level and mean arterial blood pressure was increased. For load 5, cardiac output was at the control level and mean arterial blood pressure was decreased. The numerical values of cardiac output and mean arterial blood pressure are listed in Tables 1 and 2 . The order of imposed loads was 1, 2, 1, 3, 1, 4, 1, 5, 1 under any contractile state. Each of these loading conditions was maintained for about 2 minutes, within which all transient changes in ventricular pressure and volume had disappeared. Immediately after steady state had been reached, ventricular pressure and volume signals in at least 50 consecutive beats were recorded for data processing.
DERIVATIVE
Intraventricular pressure-volume loops were drawn on an x-y recorder (Moseley Autograph 4S) while playing back the magnetic tape at an eighth of the recording speed. The correction volume, V d , was determined from the pressure-volume loops. Using the V d value determined in each preparation, the instantaneous pressure-volume ratio, which will also be defined in Results, was computed by an electronic analog divider (Analog Devices AD530). The computed ratio curve was recorded on an ink-pen recorder (Brush Mark 260) at a speed of 125 mm/sec simultaneously with pressure and volume curves reproduced from the magnetic tape. As a simultaneous and independent indicator of changes in myocardial contractility, we computed [ (dP/dt)/P]max (13, 18) , where P is the total ventricular pressure, with an analog computer (Medilab Myoputer).
Results
CORRECTION VOLUME AND PRESSURE-VOLUME RATIO
A representative example of superimposed pressure-volume (P-V) loops of the left ventricle in one dog is shown in Figure 3 . Figure 3A shows the P-V loops when the inotropic background was fixed at the control level (solid lines) and at the enhanced level under a 2-^ig/kg min-1 epinephrine infusion (broken lines). Arterial blood pressure was fixed at three different levels while cardiac output was kept constant under the control and the enhanced contractile states. The solid and the broken rectilinear lines were drawn so as to connect the left uppermost corners (circle for the control and triangle for the enhanced contractile state) of the P-V loops under each contractile state. Extrapolations of these two rectilinear lines intercepted the volume axis at a single point greater than zero. As is evident from the figure, this point was practically independent of the contractile state. We defined this point as the correction volume, V rt . We avoided the use of the term end-systolic point for the left uppermost corner because the latter occurred 8 ± 3 ( SD ) msec (range 0 to 24 msec) before the end of the ejection phase. These findings suggest that if we subtract V rt from the absolute ventricular volume at the left uppermost corner (V c ) the ratio of the concomitant ventricular pressure (P c ) to the corrected volume (V c -V d ) will remain the same despite changes in loading conditions under a given contractile state. Note that this ratio, P c / (V c -V d ), is the pressurevolume ratio at a particular time point. Figure 3A also shows that the slope of the broken line drawn for the enhanced contractile state was significantly steeper than that for the control contractile state. This finding indicates that the pressure-volume ratio, P C /(V C -Vd), is markedly increased when the contractile state is enhanced. Figure 3B shows P-V loops measured in the same dog and under the same control contractile state as in Figure 3A . During this run, arterial blood pressure was fixed while cardiac output was varied fourfold. In spite of this wide variation in cardiac output, the left uppermost corners of the P-V loops were on or very close to the same solid line that was drawn for the P-V loops in A, indicating that the pressure-volume ratio, P c / (V c -V d ), is insensitive to the imposed changes in preloaded end-diastolic volume.
DEFINITION AND SIMILARITY ANALYSIS OF THE INSTANTANEOUS PRESSURE-VOLUME RATIO CURVE
The discussion in the preceding section is concerned with the pressure-volume ratio at a particular time point near the end of the ejection phase. We examined the time course of the pressure-volume ratio curve over the entire cardiac cycle as well. To discuss the entire ratio curve, we defined the pressure-volume ratio at any time point in one cardiac cycle as E(t) =P(t)/[V(t) -V d ], where P (t ) = instantaneous intraventricular pressure, V(t) = instantaneous intraventricular volume, and V d = the fixed correction volume. Figure 4 shows the instantaneous pressurevolume ratio curve, E(t), calculated from intraventricular pressure and volume under load-1 conditions. Comparison of the E(t) curves obtained in the control contractile state (left) with those obtained in the enhanced contractile state under a 2-/xg/kg min" 1 epinephrine infusion (right) showed that the peak value of E(t), Emax, markedly increased and that the time to Emax from the onset of systole, Tmax, considerably shortened with enhancement of the contractile state. However, the two E(t) curves under the different contractile states had similar shapes in spite of their marked differences in height and width. To rigorously compare the basic shape of E(t) curves recorded under different contractile states, the E(t) curves were normalized so that their Emax and Tmax values were unity. Similarly, we compared the shape of the E(t) curves obtained under various conditions of loading and heart rate. The crosses and the triangles in Figure 5 represent mean values (^SD) of the E(t) curves from one preparation when the heart was contracting under five different loading conditions and at three different heart rates, respectively, under the control contractile state. These mean values were statistically indistinguishable from those under different contractile states at any normalized time point.
From the similarity analysis we concluded that all the E(t) curves, if normalized with respect to Emax and Tmax, would reduce to a single curve, E N (t N ), with a unique shape regardless of the dog, the loading conditions, the contractile state, or the heart rate. Therefore, Emax and Tmax can be considered the characteristic parameters of the instantaneous pressure-volume ratio curve.
Note that Emax is nothing but the pressurevolume ratio at the left uppermost corner of a P-V loop and that Tmax is the time required for a pressure-volume data point to move from the endCtrcuUtwn Risisrch. Vol. XXXII, Mtnb 197) diastolic point to the left uppermost comer along the P-V loop.
LOAD INDEPENDENCE OF Emax AND Tmax AND THEIR SENSITIVITY TO EPINEPHRINE
The two parameters Emax and Tmax were not affected by wide variations in loading conditions under a given contractile state. Listed in Table 1 are the Emax and Tmax data from all nine dogs under the control contractile state and the five different loading conditions previously defined. Using a paired f-test, we could not find any statistically significant difference of Emax and Tmax between load 1 and loads 2, 3, 4, or 5, as the P values indicate.
In contrast, Emax markedly increased and Tmax significantly decreased from their control values when the contractile state was enhanced by a 2-min" 1 epinephrine infusion. The P values in Table 2 indicate this fact. Also given in Table 2 From all of these results, we concluded that Emax and Tmax are independent of wide variations in preload and afterload conditions under a given contractile state but that both Emax and Tmax very sensitively change with changes in the contractile state of the ventricle.
CONSTANCY OF Emax AND ALTERATION OF Tmax IN RESPONSE TO HEART RATE CHANGES
Increases in heart rate, produced by pacing during a given contractile state, significantly shortened Tmax but had no effect on Emax. The mean value of the rate of shortening of Tmax per 100-beats/min increase in heart rate caused by pacing was 45±10%(SD) under both the control and the enhanced contractile states. As shown in Table 2 , however, the increases in heart rate were always associated with epinephrine infusion in nonpaced preparations. The mean value of the rate of shortening of Tmax per 100-beats/min increase in heart rate caused by epinephrine infusion was 129 ± 56% and was significantly greater than the mean value in the paced hearts (P<0.05). The mean rate of increase in [(dP/dt)/P]max per 100-beats/min increase in heart rate caused by pacing was 4 9 ± 2 5 $ ( S D ) . Statistical test showed that this value was equal to the rate of shortening of Tmax associated with changes in paced heart rate.
Discussion
Warner (19) , DeFares et al. (20) , Beneken (21) , and Rideout (22) used "reciprocal capacitance or compliance" or "elastance" as a parameter relating instantaneous intraventricular pressure to volume in their models. We purposely avoided the use of these terms since elastance or reciprocal compliance more commonly means the ratio of incremental changes in pressure and volume. Recently, Templeton et al. (23) studied the volume stiffness defined as the incremental pressure-volume ratio (AP/AV) of the isovolumically contracting left ventricle during one cardiac cycle. They found that within one cardiac cycle the volume stiffness increased and then decreased with time in linear proportion to the concomitant ventricular pressure. The volume stiffness studied by Templeton et al. (23) is different in many respects from our instantaneous pressure-volume ratio, E(t), and a direct comparison between the two is not possible at the moment. Rather the physiological meaning of E(t) is more closely related to the concept of time-varying elastance or reciprocal compliance. Therefore, our present analysis gives a physiological basis to those cardiac models.
We found supportive evidence for the concept of E(t) in the work of other investigators. Downing and Sonnenblick (24) showed in cat papillary muscle that length-tension curves obtained from isotonic contractions were virtually identical to those obtained from isometric contractions. This finding is illustrated in Figure 6A , which is a reproduction of Figure IB in their paper. The figure shows that, for any given force to be developed, the muscle shortens to the same final length regardless of the initial length and the mode of contraction. We think that this basic property of myocardial contraction manifested itself in our observation of the load independency of Emax. The force-length curve intercepted the fiber length axis at some positive length (10 mm Fig. 6A ). In Figure 6B , we reproduced Figure 3 from the same paper. As shown, when the contractile state was enhanced by norepinephrine the slope of the force-length curve became steeper, but the intercept remained unchanged. Monroe et al. (25, 26) studied the pressurevolume relation of isolated canine left ventricle as it contracted isovolumically, auxotonically, or isobarically. We found in their reports that the maximally developed pressures plotted against the concomitant volumes gathered on or near a single rectilinear line irrespective of the mode of contraction and the end-diastolic volume. The volume axis intercept of this line drawn by us through their data points had a positive value. This undoubtedly corresponds to V d that we observed. Again, the slope of the line increased with epinephrine infusion without any noticeable shift of the volume axis intercept. Similar findings to these were observed by Urschel et al. (27) and Taylor et al. (28) in the canine left ventricle. These findings by other investigators are quite consonant with the present results of the load independence of Emax of the left ventricle.
From the similarity analysis of the shape of the E(t) curve we concluded that all E(t) curves have a unique basic shape. The shape is invariant with dogs, loading conditions, heart rates, and contractile states as seen from Figure 5 . The single curve, E^tx), in Figure 5 enables mathematical description of any E(t) curve once Emax and Tmax values are specified. The mathematical description is given by E(t) =Emax-E N (t/Tmax).
The necessity of both the Emax and Tmax parameters for characterizing the E(t) curve is obvious from the findings that the relative sensitivities of Emax and Tmax (represented by a and /? in Table 2 ) to a given change in inotropic background were different in individual dogs. Also, we could not find any significant correlation of changes in Emax and Tmax among individual dogs. In other words, we could not estimate one parameter by knowing the other in a given dog. Therefore, to characterize the instantaneous pressure-volume ratio curve, we must know Emax and Tmax simultaneously. The lack of a close correlation between the two parameters seems consistent with the work of Reeves and Hefner (29) , who measured isometric force generated by ventricular wall muscle. They observed that the relative sensitivities of the peak developed force and the duration of contraction to different inotropic agents were not equal. A similar discrepancy was also observed by Sonnenblick (30, 31) 
in isolated
Circulation Risurcb, Vol. XXXII, March 1973 papillary muscle with respect to the relative sensitivities of myocardial force and shortening velocity to different inotropic agents such as norepinephrine, strophanthidin, and calcium.
Based on our findings and their consistency with those in the literature, we conclude that the instantaneous pressure-volume ratio curve, E(t), can be represented by Emax and Tmax and that changes in these parameters explicitly reflect the variations in the contractile state of the ventricle.
Appendix
The pressure, P, and the volume, V, of N moles of air are related to the absolute temperature, T, by PV = NRT, where R is the gas constant of air. To accurately know a small change in V from an observed change in P, T should be constant. In our cardiometer system, volume changes occurred much faster than the heat exchange through the air reservoir wall. Therefore, T changed transiently because of the change in internal energy caused by the adiabatic volume change. Owing to the transient temperature change in our system, a step change in volume did not produce a step change in pressure but some overshoot in pressure, as shown in the top of Figure 7 . This transient pressure overshoot could be eliminated, as shown in the middle of this figure, by adding an electric filter to the output of the pressure signal conditioner. The filter is shown in the circuit diagram at the bottom of the figure. By adjusting the values of capacitance (C) and resistance (R) in the circuit, we could obtain compensated pressure tracings which were always proportional in amplitude to the input volume changes and had no delay within the frequency range of ventricular volume change. 
